Abstract: This paper studies the passive impedance control of a robot manipulator with model uncertainty to perform manipulation tasks while interacting with dynamic environment. Impedance control is a powerful approach for the robot to perform mechanical tasks while interacting with dynamic environment. However, in our previous research, it was clarified that, the time varying impedance center as well as the robot's model uncertainty influences the robot's passivity, which may lead to serious safety problem for both the robot as well as its environment. In order for the robot to keep its passivity as well as to realize desired objective impedance, in this paper, a novel observer based control design is proposed. Computer simulations of a 2-link manipulator interacting with a dynamic wall show the effectiveness of our control approach.
Introduction
 This paper studies on the control problem for a robot manipulator to perform mechanical tasks in dynamic environment. Here, the objective of the control design is to realize (1) the robot's tracking in free motion space as well as (2) passivity when the robot is interacting with dynamic environment.
In order for the robot to realize above objectives, Li and Horowitz proposed PVFC (passive velocity field control), which represents the time varying objective trajectory into a form of velocity vector field together with the control strategy using skew symmetric matrixes [1] [2] [3] [4] [5] . By adjusting a scaling parameter of the objective velocity vector field, they proved that the robot can realize both tracking and passivity. However, the proposed control design was too complicated to be computed. On the other hand, it is well known that, basically, impedance control proposed by Hogan can keep the robot's passivity when the objective impedance center was constant [6] . However, if the objective impedance center is time varying, that is, if we require the robot to perform tracking tasks, then, we cannot make sure the robot's passivity. In order for the impedance controlled robot with time varying impedance center to realize passivity, Kishi and Luo et al [7] . proposed a simple switching control approach based on the information of the robot's energy under the condition that the robot does not have any model uncertainty. Following this research, in Ref. [8] , we further analyzed the passivity of an impedance controlled robot with model uncertainty. We proposed a unique approach to set the estimation of the robot's dynamics so as to keep the passivity under model uncertainties. However, the influence of robot's model uncertainty on the performance of impedance control was not solved.
In this paper, we propose a novel observer based approach for an impedance controlled robot to compensate the influence from the model uncertainty so as to improve the impedance performance while keeping the robot's passivity. To show the effectiveness of our control approach, we performed computer simulations of a 2-link manipulator interacting with a dynamic wall. It is shown that our approach can greatly improve the robot's impedance performance.
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Problem
Definitio
ositive mass, is the e impedance ) are energy possesses the e impedance ll be passive. is changing with respect to time, then it will influence the robot's passivity as follows. Here, as in Ref. [7] , to analyze the passivity of the robot with impedance control, we define the mechanic energy as
It is clear that E is positive. The first and the second term represent the kinetic and potential energy, respectively.
Using Eq. (3), the time change of the mechanic energy can be derived as (6) By integrating the Eq. (7), we get
From Eq. (7), it is apparent that if do not change with the time variation, that is, if is 0, then
That is, the energy served by the robot to the environment can be controlled less than the initial kinetic energy so that the surplus energy will not supply to the environment. From the definition of the passivity (i.e. Eq. (1)), the impedance controlled robot is passive.
However, if the impedance center varies with respect to time (i.e. tracking a trajectory), that is, if is not 0, then the right side of the Eq. (7) may not satisfy the passivity condition of Eq. (1), which implies that robot may impose surplus energy to environment so as to approach to the desired position as shown in Fig. 2 .
PIC (Passive Impedance Control)
In order to keep the passivity of the robot controlled by impedance control law while performing the trajectory tracking task, it is necessary to appropriately adjust the desired impedance center so as to limit the energy exerted by robot.
In Ref. [7] , under the condition that the robot's physical parameters are all known, it was proposed to switch a scaling parameter of the robot's desired velocity as follows. Here, the velocity of the desired impedance center is set as is the scaling parameter satisfying α 0, was defined as the tangent velocity vector of impedance center trajectory designed previously without considering the environmental uncertainties.
Then, if we adjust the scaling parameter α satisfying the condition 0 0 (10) the robot would be passive. Here, is a positive value and a new value z was defined as (11) To understand this control approach, let's define a new value S, or accurate to say, the derivative of S as (12) where the initial value of S has been set as 0.
From Eq. (12), if we make (13) since the initial value of is set as 0, we have 0 0
Base on this setting, 's condition can be derived as Eq. (10). and one possible choice of can be given as
Therefore, from Eqs. (6) and (12), we get
Since 0, Eq. (7) becomes (16) Thus, energy served to the environment can be limited by so that the impedance controlled robot remains passive.
Influences of Model Uncertainties for Passive Impedance Control
Here, we further consider the case that the robot's dynamics and are unknown. We set their estimations as and , respectively. We also define and as error terms as , . Then, from Eq. (5) Since the term exists, besides of time-varying impedance center, the robot's model uncertainties also influence the change of the energy which is provided by the robot to the environment. Therefore, robot may lose its passivity even under the control frame of passive impedance control method. In our previous study of Ref. [8] , we proposed an approach to select the estimation of and so as the robot can keep its passivity under the model uncertainties. However, the performance of impedance control still is influenced by the model error term and thus remains to be improved.
Passive Robust Impedance Control
In this section, we propose a novel observer based passive robust impedance control approach which designs an observer to detect the model error so as to decrease the effect of the term in 
There are model errors, and the control method is as we proposed in research [8] , which keeps the robot's passivity.
(4) There are model errors, and the control method is our observer-based passive impedance control.
In addition, we also set the parameter in the matrix , and of the impedance equation as The parameter in observer is set as T 0.0001, b 0.02.
Simulation Results
Effects of the Impedance Control Method in Different Cases
The blue line denotes the results of the case (1). The orange line and the red dot line represent the results of the cases (2) and (3), and the black dot lines are the results of the case (4).
The trajectory tracking results of four cases are shown in Fig. 6 . The grey line shown in this figure represents the stiff wall whose spring and damping ratio are set as k 15 and d 3 respectively.
As seen from the trajectory of the orange line in Fig.  6 , we can find that the robot's model errors seriously influence the tracking ability of the robot. The trajectory of the red line shows that the method proposed in Ref. [8] does not contribute to the performance of trajectory tracking. From the trajectory tracking results of the black dot line and the blue line in Fig. 6 , it is clear that, by utilizing our method, the effects of the model error on the trajectory tracking can be eliminated.
Figs. 7 and 8 show the errors between the real value of the robot's position and velocity in task space and the ideal value when there exists no model error in control system. From these results, it is obvious that the observer-based method can effectively decrease the tracking errors caused by the model errors, which are even better than the results of our previous research [8] in case (3). From Figs. 6 to 9, it is found that the previous method (3) could not decrease the effect from the model errors on impedance control law and observer-based method could eliminate this effect and help the robot to realize the ideal impedance. Fig. 10 shows the energy results of E+S in different cases. The orange line shows that model errors could affect the energy's variation so as to make the energy (E+S) exceed the its initial value 0.5 J, which means that the robot is not passive. By using the previous method [8] with a special estimation adjustment, from red dot line, we see that the passivity can be satisfied. The black dot line shows that the robot is passive by using our proposed observer-based method. By comparing the black dot line and the orange line, we see that our proposed controller could effectively decrease the influence of model errors on the energy E+S, therefore, the robot can keep its passivity under the model errors.
Passivity Analysis
Conclusions
This paper proposed a novel control approach for a robot with model uncertainties to perform dynamic interaction with environment. By introducing a reference impedance model as well as an observer, this approach can not only keep the robot's passivity even for the time-varying impedance center, but also greatly improve the impedance control performances such as tracking responses. Computer simulations of a 2 D.O.F robot arm interacting with a stiff environment show the effectiveness of our approach.
